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STRUCTURAL WEIGHT ANALYSIS OF HYPERSONIC AIRCRAFT 

Mark D. Ardema 


Office of Advanced Research and Technology 
Advanced Concepts and Missions Division 
Moffett Field, California 94035 


SUMMARY 


The weights of major structural components of hypersonic, liquid hydrogen (LH 2 ) fueled 
aircraft are estimated and discussed. The major components are the body structure, body thermal 
protection system, tankage, and wing structure. The method of estimating body structure weight is 
presented in detail in this paper, while the weights of the other components are estimated by 
methods given in referenced papers. Two nominal vehicle concepts are considered, the advanced 
concept employs a wing-body configuration and hot structure with a nonintegral tank, while the 
potential concept employs an all-body configuration and cold, integral pillow tankage structure. 
Characteristics of these two concepts are discussed and parametric data relating their weight 
fractions to variations in vehicle shape and size, design criteria and mission requirements, and 
structural arrangement are presented. Although the potential concept is shown to have a weight 
advantage over the advanced, it involves more design uncertainties since it is farthei removed in 
design from existing aircraft. 


INTRODUCTION 


This paper presents the weight analysis of the body structure of liquid hydrogen fueled 
hypersonic aircraft and discusses the weight characteristics of selected hypersonic aircraft designs. 
The weight items considered in addition to the load-carrying body structure are the body fuel tank, 
the body thermal protection system, and the wing. Not all these items will be needed for every 
design. These four weight items constitute the major portion of the dry weight of hypersonic 
aircraft; for a typical cruise vehicle they account for about 35 percent of the gross takeoff weight 
(the total dry weight is about 55 percent of gross). The weight of the remaining items (propulsion 
system, landing gear, surface controls, fixed equipment) does not vary substantially with changes in 
vehicle concept. Thus, to a first approximation, the sensitivity of vehicle dry weight to design 
parameters may be assessed by considering the four weight items mentioned above. 

Preliminary weight estimates of aircraft traditionally have been made using empirical methods 
based on the weights of existing aircraft. Reference 1 describes such methods, and references 2 and 
3 apply them to hypersonic aircraft. Studies have shown, however, that the bodies or fuselage 
designs of hypersonic aircraft will be significantly different from those of existing aiicralt 
(refs. 4-11). The most important of these differences are the requirement for containment of 
cryogenic fuel in the body, the presence of insulated structure, and possibly the employment of 
noncircular structural shells. These differences suggest the need for an analytically based method of 
arriving at preliminary body weight estimates rather than methods relying on historical data. On the 



other hand, in a preliminary design effort such as that in progress for hypersonic aircraft, a large 
number of vehicle designs must be rapidly evaluated. This requirement precludes the use of detailed 
methods of structural analysis at present, and body structure weight for preliminary design purposes 
must be computed on the basis of idealized vehicle models and simplified structural analysis. 

The development and application of an analytical method based on beam theory for 
estimating body weight is presented in detail in this paper. The analysis considers only yield 
strength and buckling failure modes, it cannot be employed in place of a detailed design study for 
making final design decisions or for determining accurate weights. The analysis has been 
programmed for a digital computer to yield rapid estimates. The program is well suited both for 
weight-sensitivity studies and for incorporation as a subprogram in a mission performance model. 

One of the most important considerations in preliminary design is configuration selection. For 
hypersonic aircraft, there is a trend toward configurations in which the vehicle wing and body are 
somewhat blended. The limiting case of this trend is the all-body configuration, which has no 
structure designed solely to produce lift. From a weight standpoint, the all-body shape appears to 
have both inherent advantages and disadvantages when compared with the conventional wing-body 
shape. Among the advantages are the elimination of the wing and smaller overall dimensions. 
Principal disadvantages are greater body surface areas and noncircular structural sections. Both 
configurations are considered in this paper. 

For hypersonic aircraft, basic questions arise concerning the arrangement of the body 
structure (ref. 12). For example, the structure may be either exposed to the atmosphere (“hot” 
structure) or protected from atmospheric heating by an insulation system (“cold” structure). The 
fuel tank may be either separate from the body structure (nonintegral tankage) or combined with 
the body structure as one unit (integral tankage). Wing-body versus all-body, hot structure versus 
cold structure, and nonintegral versus integral tankage are compared and discussed. 

The primary purpose of this paper is to present and discuss parametric (weight sensitivity) 
data for hypersonic aircraft. Weight sensitivity data are presented for two nominal designs or 
concepts. The “advanced” concept employs a wing-body configuration, hot structure, and a 
nonintegral tank. The “potential” concept uses an all-body configuration and a cold, integral pillow 
tank structure consisting of intersecting conical shells. Characteristics of these nominal designs are 
discussed and results are presented relating variations in weight with parameters in the following 
areas: (1) vehicle size and shape, (2) design criteria and mission requirements, and (3) structural 
design. 


METHOD OF ANALYSIS 


The vehicle configurations considered in this study are shown in figure 1, and their 
geometrical relationships are presented in appendix A. The wing-body configuration consists of a 
double-ended, power-law body of circular cross section and a delta wing. The all-body arrangement 
is composed of an elliptical-cone forebody with an afterbody of elliptical cross section, which fairs 
to a straight-line trailing edge. These shapes were chosen both because they are easily described in 
mathematical form and because they represent well two designs currently of interest in hypersonic 
studies. The body structure is a shell in the same shape as the body configuration for all concepts 
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Figure 1.— Hypersonic aircraft configurations. 


except those employing pillow tankage. In the pillow tankage concepts, intersecting conical tanks 
are fitted within the all-body configuration as described in appendix A and illustrated in figure 2. 
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Figure 2.— Nominal structural concepts. 


The loads were computed by methods described in reference 13. Briefly, longitudinal 
bending-moment distributions were based on vehicle loading due to a static maneuver (2.5 g 
pullup), a dynamic gust condition (1 5.25 m/s (50 fps) vertical wind shear), and a dynamic landing 
impact (3.05 m/s (10 fps) sink speed). A safety factor of 1.5 was applied to all loading conditions. 

The resulting bending moments at each longitudinal body station were used to compute the 
amount of structural material required at the point of maximum stress. This material was 
distributed uniformly around the circumference, as is commonly done in preliminary weight 
analysis (cf. ref. 14, sec. 15.6). The portion of the material at the sides of the body not required for 
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resisting bending loads was assumed sufficient for resisting shear and torsion loads. Although 
variations in structural body weight arise primarily from variations in bending moment, loads due to 
pressurization were also accounted for and used to relieve compressive bending loads (pressure 
stabilization) in integral tank concepts. In addition, the all-body concepts incorporate sufficient 
spanwise structure in the aft sections to introduce the tail loads into the body structure. 

Two structural arrangements are considered: an integrally Z-stiffened shell stabilized with ring 
frames, and a truss-core sandwich shell without frames. The structural materials considered are an 
aluminum alloy, a titanium alloy, a high-strength nickel alloy, and a high-temperature nickel alloy. 
The values of mechanical properties used for this study are 70 percent of the minimum values for 
procurement specification purposes given in reference 15 at the appropriate structural temperature. 
For integral tankage concepts the weight of such secondary structures as bulkheads and other items 
necessary to enable the structure to contain fuel must also be included. For nonintegral tanks, a 
separate fuel tank weight is computed. For the all-body configuration with integral tankage, either 
pillow tankage is used or internal truss-work is added to carry the pressure loads. 

Appendix B gives in detail the body structural weight analysis, which assumes that the 
material exhibits elastoplastic behavior. Tensile yield, compression yield, and buckling failures are 
accounted for; in addition, there is a minimum gage restriction on the shell. The maximum stress 
failure theory was used for predicting yield failures. This theory results in very nearly the same 
weight estimates as can be obtained with failure theories based on biaxial states of stress. Buckling 
calculations assume the stiffened shell concepts to behave as wide columns and the sandwich shell 
concepts to behave as cylinders. The buckling equations, based on the results of reference 16, are 
derived in appendix C. The “nonoptimum” weights, which amount to about 40 percent of the body 
structure weight, are determined by an empirical method based on existing aircraft, as described in 
appendix B. The same nonoptimum factor is used for all concepts, even though sandwich structures 
might be expected to have higher nonoptimum weights because of the need for greater 
reinforcement in the vicinity of joints and cutouts. Since a circular section may be viewed as a 
special case of an elliptical section, the analyses of appendixes B and C are made for the all-body 
configuration and reduced to the wing-body as a special case. 

The frames required for the stiffened shell concept are sized by the Shanley criterion (chap. 3, 
ref. 14). This criterion is based on the premise that, to a first-order approximation, the frames act as 
elastic supports for the wide column (p. 405, ref. 17; and p. 490, ref. 18), and it is widely used for 
weight estimation of ring-stiffened shell structures (refs. 19, 20, 21). Recent analyses based on more 
exact buckling models have indicated that in certain cases Shanley’s criterion may either 
significantly overestimate or underestimate buckling loads for general stability (refs. 22, 23). For 
the structural arrangements considered in this paper (internally stiffened shells, d/r % 0.2) the 
Shanley criterion appears to be conservative. The criterion is extended to elliptical shells in 
appendix C, where it is shown that weight is relatively insensitive to the value of Shanley’s constant. 

Because nonoptimum weight is determined by comparison with existing subsonic aircraft, 
some phenomena peculiar to hypersonic vehicles are neglected in the analysis. Perhaps most 
important of these phenomena is the thermal environment. The high exterior temperature of the 
vehicle and the cryogenic temperature of the interior cause high thermal gradients, which may lead 
to significant thermal stresses, particularly in integral tankage concepts. However, a rough 
calculation based on the methods of reference 24 (chap. 10) indicates thermal stresses to be 
approximately an order of magnitude less than the bending stresses for the integral tankage 
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concepts considered here. Thus, although the thermal stresses may be high m certain local portions 
of the structure, the effect on the total weight may be expected to be small. This is m agreement 
with reference 7 which states that estimated thermal stresses cause about a 5 to 10 percent increase 
in weight. The thermal stresses in thin structures such as wings, on the other hand, may be expected 
to be significantly higher and, in fact, have been found to be approximately equal to bending 

stresses (ref. 25). 

Another aspect of the thermal environment, the effects of high temperature on the physical 
properties of structural materials, can result in complex failure mechanisms involving fatigue, 
stress-corrosion, creep, and thermal cycling all of which are beyond the scope of this study. It is 
assumed that using 70 percent of long-time, at-temperature material properties will account tor such 
phenomena to a major extent. Also neglected is the weight of such high temperature materials as 
refractory metals, which may be required in portions of the vehicle exposed to the highest 
temperatures, such as the nose and wing leading edges. 

The methods used to estimate the weight of the tankage, the thermal protection system, and 
the wing are discussed briefly in appendix B. Tankage weight is estimated using information from 
reference 26 which describes the design, fabrication, and testing of a flight-weight liquid hydrogen 
tank and thermal protection system. Insulation thicknesses for thermal protection systems are 
computed from the transient heat conduction analysis described in reference 27; the calculation o 
the nonoptimum weight of this system utilizes information from reference 26. Although many 
thermal protection system concepts have been proposed (refs. 28 and 29) the on y concep 
considered here is a passive system using helium-purged, quartz-fiber insulation. As noted earlier, 
wing weight is estimated by an empirical relationship from leference 3. 


RESULTS 


Characteristics of Nominal Concepts 

The results of the weight study are presented primarily in the form of sensitivities of the 
weight of two nominal concepts to various parameters. The “advanced” concept represents the 
most conventional approach to hypersonic aircraft and would entail relatively little innovation and 
development. The “potential” concept represents a substantial departure from conventional aircra 
designs and hence involves many more design uncertainties than the advanced concept. It must be 
remembered that to assess mission performance, aerodynamic and propulsion system characteristics 
must be considered as well as the dry weight fraction. The aerodynamic and propulsion system 
characteristics of the all-body configuration are analyzed in references 30 and 31 , respectively, and 
the mission performance of this configuration is reported in references 10 and 1 1 . 

Figure 2 shows the structural arrangement of the advanced concept, which uses the wing body 
configuration shown in figure 3(a). The vehicle gross takeoff weight is 2220 KN (500,000 lb), the 
body volume is 2020 m 3 (71,400 ft 3 ), and the body length is 95 m (312 ft). The nominal mission is 
a 10 2 Mm (5500 n. mi.) cruise at a Mach number of 7. The hot, load-carrying, body structure of 
this design consists of an integrally Z-stiffened shell stabilized with ring frames. The structural 
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material is a nickel alloy, and the structure is designed for an internal pressure of 13,800 N/m 2 
(2 psi) (not pressure stabilized). The fuel tank is nonintegral and has a helium -purged, quartz-fiber 
insulation system. 

Figure 2 also shows the structural arrangement of the potential concept, which uses the 
all-body configuration shown in figure 3(b). The nominal vehicle size and mission are the same as 
for the advanced concept. The potential design has a cold, integral, pillow tank, load-carrying body 
structure consisting of a truss-core sandwich shell and monocoque walls, pressure stabilized at 
69,000 N/m 2 (10 psi). The structural material is titanium alloy. Exterior nickel alloy cover panels 
and helium-purged quartz-fiber insulation are required for thermal protection of the pillow tankage 
structure. 


GTOW = 2.22 MN (500,000 lb) 
VOLUME = 2020 m 3 (71400 ft 3 ) 
LENGTH = 95 m (312 ft) 



(a) Wing-body. 


GTOW = 2.22 MN (500,000 lb) 




(b) All-body. 

Figure 3.— Configurations. 


Figure 4 shows the longitudinal bending moments as a function of body station for the two 
configurations; note that the magnitudes of the bending moments are approximately the same for 
both. The characteristics of the bending moment distributions are described in reference 13. For the 
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loading conditions chosen, both the all-body and the wing-body maneuver and landing conditions 
are dominant, while the gust condition does not significantly affect vehicle loadings. The three loads 
were assumed to act independently. 



i i i i i i i i i _i 1 

0 10 20 30 40 50 60 70 80 90 100 

BODY STATION, m 


(a) Wing-body. 
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BODY STATION, m 


(b) All-body. 

Figure 4.- Bending moments. 
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The unit weights of the shell and frames (weight per unit body wetted surface area) of the 
advanced concept, and of the shell and walls of the potential concept, are shown on figure 5. These 
curves have generally the same shape as the bending moment distributions of figure 4. For both 
concepts the structures are buckling limited, except for portions at the front and rear that are 
limited by a shell minimum gage constraint. The smallest allowable thickness of any structural 
elements was assumed to be 0.0254 cm (0.01 in.). The potential concept is more restricted by the 
minimum gage constraint than the advanced. The overall average unit masses (weights) of the 
load-carrying body structures (including nonoptimum mass and, in the case of the potential 
concept, bulkhead and spanwise beam mass) are 22 kg/m 2 (4.5 lb/ft 2 ) for the advanced concept 
and 13.2 kg/m 2 (2.7 lb/ft 2 ) for the potential. 



BODY STATION, m 


CP 


2 


(a) Advanced. 



BODY STATION, m 


(b) Potential. 
Figure 5.— Unit weights. 
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Figure 6 shows the equivalent isotropic thickness t - that is, the thickness of an equal mass 
isotropic shell — and gage thickness, tg as a function of body station. These curves are, of course 
proportional to the unit weight curves of the previous figure. 



0 10 20 30 40 50 60 70 80 90 100 


BODY STATION, m 
(a) Advanced. 
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(b) Potential. 


Figure 6.- Shell thicknesses. 
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The weight breakdowns of the two nominal concepts are shown in figure 7, where both weight 
fractions (of gross weight) and absolute weights are given. The load-carrying body structure weight 
consists of a shell, frames (stiffened shell concepts only), walls or truss work (all-body integral 
tankage concepts only), spanwise stiffening (all-body concepts only), and nonoptimum weight. 
Walls or truss work is used to carry pressure loads in the all-body integral tankage designs because 
this type of construction is more efficient than a shell. As previously mentioned, spanwise stiffening 
is required at the rear of all-body configurations because of the large span in that part of the vehicle. 
Designs with nonintegral tankage include tank weight; those with wing-body configurations include 
wing weight. The thermal protection system (TPS) weight includes insulation and, for cold structure 
concepts, the cover panels shown in figure 2. Most of the other items making up the dry weight of 
hypersonic aircraft (such as landing gear, control surfaces, fixed equipment, and propulsion system) 
vary only slightly with changes in vehicle concept and total about 25 percent of the gross takeoff 
weight for most designs. Weight statements of hypersonic vehicles may be found in references 1 0 
and 1 1 . In this paper, the term weight fraction refers only to those items shown on figure 7. 
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Figure 7.— Weight breakdown. 


Note that the weight fraction of the potential concept, 0.240, is significantly less than that of 
the advanced, 0.355. The relatively low weight fraction of the potential concept is due primarily to 
the use of cold, integral tank structure as discussed later. The combined weight of the wing and tank 
required by the advanced concept more than account for its greater weight fraction. It is also of 
interest to note that the structure and TPS weight fractions are equal for the potential concept. 
Finally, it must be kept in mind that the potential concept, being a radical departure from 
conventional aircraft designs, contains many more design uncertainties than the advanced. 


Effect of Variations in Shape and Size 

The advanced concept — Figures 8, 9, and 10 show the effects of changes in three shape 
parameters on weight fractions; the tick marks on these figures indicate the nominal values of these 
parameters. The nominal shape analyzed here is not necessarily optimum; it was chosen only as a 
base about which shape variations were made. 
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WEIGHT 

FRACTION 



Figure 9.— Effect of exponent (advanced). 


WEIGHT 

FRACTION 



Figure 10.— Effect of wing loading (advanced). 


Figure 8 shows the effect of variation of 
fineness ratio on the weight fraction. For this 
parameter, wing weight and tank weight 
remain fixed and the TPS weight increases 
slightly due to increasing surface area. With 
fineness ratio, however, body structure weight 
increases nearly linearly. Fineness ratio also 
has a strong and opposing influence on 
aerodynamic efficiency and is thus an 
important parameter for configuration 
optimization. 

Figure 9 shows the variation of weight 
fraction with the exponent of the power law 
that defines body shape (appendix A). The 
shape varies from a cylinder (exponent = 0) to 
a double-ended cone (exponent = 1). The 
wing, TPS, and tank weights remain essentially 
constant for this variation. Since the 
maneuver loads decrease with increasing 
exponent (because the longitudinal lift and 
weight distribution becomes more similar) 
and the landing loads increase (because the 
vehicle length increases), the structural weight 
fraction has a minimum value at about the 
nominal value of the exponent. 

The effect of varying takeoff wing 
loading is shown in figure 10. The 
predominant effect of increased wing loading 
(decreasing wing area) on the body structure 
is that the body carries an increasingly large 
percentage of the lift. As a result longitudinal 
lift and weight distributions are more 
compatible, thus reducing maneuver loads and 
hence structural weight. The TPS and tank 
weights remain constant, while the wing 
weight decreases as wing loading increases. 
The net effect is a significant decrease in 
weight fraction with increasing wing loading. 
In practical designs, this increase in wing 
loading is limited by landing and takeoff 
considerations, cruise efficiency, strength of 
sonic boom, and so on. 
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Figure 1 1 Effect of size (advanced). 


Figure 1 1 shows the effect of size on 
the weight fraction of the advanced 
concept; the tick mark indicates the gross 
weight and density of the nominal design. 
The shape parameters Rfj n , P> and W/S 
were held at their normal values, and only 
maneuver loads were considered. The 
three values of gross vehicle density 
examined cover the range of possibilities 
for LH 2 fueled, hypersonic vehicles; 
because of the low density of hydrogen 
fuel (about 72 kg/m 3 (4-1/2 lb/ft 3 )), 
these values are lower than those typical 
of current transport aircraft (about 1 60 to 
400 kg/m 3 (10 to 25 lb/ft 3 )). Individual 
weight items are shown only for the 
112 kg/m 3 (7 lb/ft 3 ) density, but the 
variations seen here typify results for 
other densities. 


As would be expected the body structure weight fraction increases with gross takeoff weight 
(Wtq)j except at low gross weights where the structure is significantly affected by the minimum 
gage constraint. It is also evident that the variation of structure weight fraction with Wjq agrees 
well with the relationship (W^^/W-jq) ~ Wjq 1 / 6 obtained by combining the simplified bending 
moment versus gross takeoff weight relationship of reference 13 with the assumption that the entire 
structure is buckling limited. Tank weight fraction for this design is independent of Wjq for 
constant density because tank weight is assumed to scale linearly with body volume. The TPS 
weight fraction, which is predominantly influenced by surface area, increases as Wjq decreases, and 
it assumes major importance at low Wjq where the surface area to volume ratio is large. Wing 
weight fraction remains very nearly constant. The combined effect of all these variations produces a 
total weight fraction that is relatively insensitive to changes in W^, except at low values of W^q 
where increases in TPS weight and, to a lesser extent, structure weight, result in higher weight 

fractions. Changes in density (hence also 
volume and surface area) affect the weight 
fraction primarily through TPS weight which, 
to a good approximation, is proportional to 
surface area. Lower density vehicles (larger 
volumes) are seen to have higher weight 
fractions. 
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FRACTION 



Figure 1 2.— Effect of breakpoint ratio (potential). 


The potential concept— The effects of 
shape and size variations on the weight 
fractions of this concept are shown in 
figures 12 through 15; as before, the tick 
marks indicate the nominal values of the 
shape parameters. The effects of parametric 
variations on aerodynamic efficiency are 
discussed in reference 30. The effect of 
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Figure 13.- Effect of body sweep. 
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Figure 14.- Effect of fatness ratio. 
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breakpoint ratio (eq. (A9)) is shown in 
figure 12. Note that structural weight 
fraction tends to decrease as the 
breakpoint moves aft, while the TPS 
weight fraction tends to increase. The 
net effect of these two opposing 
influences results in a weight fraction 
that is fairly insensitive to breakpoint 
ratio. 


Figure 1 3 shows that as the body 
sweep increases, structure weight 
fraction tends to decrease because the 
cross-sectional shape becomes 
increasingly cylindrical. The TPS 
weight fraction also decreases, 
primarily because of decreasing surface 
area. At sweeps approaching the 
limiting value of tt /2 rad (90°), 
however, this trend is reversed due to 
the rapidly increasing vehicle length 
and associated increased structural 
weight. The overall result is the 
occurrence of a minimum value of 
weight fraction at about 1.4— 1.5 rad 
(80°-85°) sweep. 

The effect of varying fatness ratio 
(eq. (A8)) is shown in figure 14. As 
fatness ratio increases, the vehicle 
becomes more cylindrical and 
compact, causing both the structure 
and TPS weight fractions to decrease. 
It is apparent that the total weight 
fraction is very sensitive to this 
parameter, with large fatness ratios 
corresponding to low weight fractions. 
However, reference 30 shows that 
aerodynamic efficiency decreases 
sharply with increasing fatness ratio; 
this parameter therefore exerts great 
influence in configuration 
optimization. 

Figure 1 5 shows the effect of size 
on the weight fraction of the potential 
concept for the same three densities 
considered for the advanced concept. 
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As before, only maneuver loads are considered, and the shape (RgR, Rp at , A) is held fixed. 
Comparing figures 11 and 15, the structure and TPS weight fraction variations with Wjq are 
evidently very similar for both concepts. For the potential concept, however, the relatively high 
TPS weight fraction compared to the structure weight fraction results in a reversal in weight 
fraction variation; the weight fraction decreases with increasing W-pQ, and tends to approach a 
constant value as Wjq increases. This increase in weight fraction at low values of W-pQ results 
primarily from the relatively large surface areas and minimum gage restrictions on the structure 
accompanying the reductions in overall sizes. Simplified analysis gives the relationship 
(Wgg/W^Q) ~ W-pQ 1 / 5 which agrees reasonably well with figure 15. The effect of density on the 
weight fraction is the same as for the advanced concept. Reference 30 indicates that aerodynamic 
efficiency is relatively insensitive to variations in size for the potential concept. 


Effect of Variations in Design Criteria 
and Mission Requirements 
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Figure 16.— Effect of load factor. 
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Figure 17.— Effect of design landing weight. 


The effect of load factor n is 
summarized in figure 16 for both concepts. 
Tank weights was held constant and TPS 
weight remained nearly constant. Both wing 
weight and body structure weight, however, 
increased with increasing load factor, thereby 
causing total weight fractions of both concepts 
to increase. The weight fraction increase is 
very nearly linear above about n = 2; below 
this value, both landing and maneuver loads 
influence the design. 

Figure 17 shows the effect of design 
landing weight. Only body structure weight is 
affected by this parameter. The weight 
fractions of both concepts are seen to be 
relatively insensitive to this parameter even for 
values approaching the gross takeoff weight. It 
may be concluded, therefore, that the weight 
penalty incurred by the requirement that these 
particular vehicles land at gross takeoff weight 
will be small. 

One of the most important mission 
parameters for hypersonic cruise vehicles is 
cruise Mach number M^. Before discussing the 
effect of M^ variations on weight fraction, it is 
instructive to consider the temperature-time 
characteristics of hypersonic cruise aircraft. 
Typical plots of temperature and time as a 
function of cruise Mach number for a fixed 
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range are shown in figure 1 8 (ref. 30). The cruise time t decreases in an asymptotic fashion as 
increases, while surface temperatures increase. The maximum exterior surface temperature T s ^ ruc is 
used for computation of hot structure and cover panel weights, while the mean upper and lower 
surface temperatures T U pp er and Tq ower are used in the computation of insulation weight. To a 
first approximation, insulation unit weight is proportional to the rectangular temperature -time pulse 
(area under the T versus t curve; ref. 27). Since figure 18 indicates that the products T upper X t and 
X^wer X t are very nearly independent of it can be expected that insulation weight will be 
fairly insensitive to 
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Figure 18.- Temperature-time characteristics. 


RANGE = 10.2 Mm (5500 n. mi.) 


WEIGHT 

FRACTION 



Figure 19.— Effect of cruise Mach number. 


From data in figure 18 the effect on 
weight fraction of cruise Mach number M q is 
shown in figure 19 for both nominal concepts 
at a fixed range of 10.2 Mm (5500 n. mi.). 
For the advanced concept, the tank weight 
remains constant for this variation, and the 
TPS weight, for reasons discussed above, 
remains very nearly constant. The wing and 
body structure weights increase with M^ 
because they are exposed to the increasing 
exterior surface temperature. Titanium alloy 
structure appears best for cruise Mach 
numbers up to about 5, at which point loss in 
ductility of present day alloys due to thermal 
effects prohibits further use. A high-strength 
nickel alloy is applicable for vehicles in the 
Mach number range of 5 to 9, while a lower 
strength nickel alloy with better oxidation 
resistance is required above about Mach 9. 
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The trend for the advanced concept is obviously increasing weight fraction with increasing 
M^. The trend of the potential concept, however, is quite different. In this design, the body 
structural temperature (and hence the weight) is held fixed, and the TPS weight varies as the 
exterior temperatures and time vary. Since TPS weight is insensitive to (assuming cover panel 
weight does not change radically), the potential concept weight fraction is very nearly independent 
of cruise Mach number and, in fact, decreases slightly at higher M^. More generally, it would appear 
that the weight fraction of any vehicle with cold integral tankage flying a fixed range mission will be 
insensitive to M^, regardless of vehicle configuration. The comparison of the two concepts in 
figure 19 shows that the potential concept becomes relatively lighter as M^ increases. 



MINIMUM GAGE, t mg ,cm 
Figure 20.— Effect of minimum gage. 
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Figure 21.— Effect of pressurization (potential). 


Since it was found that minimum gage 
t m p restrictions on the body structure 
influence portions of the structure, the effect 
of minimum gage was investigated; the results 
are shown in figure 20. As might be expected 
the integrally stiffened shell of the advanced 
concept is less sensitive to t m g than the 
sandwich shell of the potential concept. For 
the advanced concept, values of t m g up to the 
nominal value of 0.0254 cm (0.01 in.) do not 
cause any significant increase in weight 
fraction. Above this value, the effect of t m g 
becomes increasingly more significant until, at 
about 0.0762 cm (0.03 in.), the entire 
structure is minimum gage limited. For the 
potential concept, the minimum gage 
constraint has a slight but noticeable effect on 
the weight fraction at the nominal value. 
Above this value this constraint rapidly 
becomes significant with the entire structure 
being minimum gage at about 
t mg ~ 0.0508 cm (0.02 in.) 

For a pressure-stabilized, integral tank, 
cold structure there are two parameters that 
may be used for weight fraction 
minimization — internal gage pressure of the 
structure Pg and maximum allowable 
structural temperature. Figure 21 shows the 
effect of Pg on the weight fraction of the 
potential concept, in which pressure loads are 
used to relieve compressive loads. The weight 
initially decreases with P g until a minimum 
weight is reached at the nominal pressure of 
about 69,000 N/m 2 (10 lb/in. 2 ); above this 
value, weight increases with pressure. The 
weight variation is seen to be slight up to 
pressures of about 103,500 N/m 2 (15 lb/in. 2 ). 
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The second of the two design parameters available for weight minimization is the maximum 
allowable structural temperature, which may be adjusted by varying insulation thickness. With 
increased structural temperature, body structure weight increases due to degradation in material 
properties, while the TPS weight decreases. The net effect (fig. 22) is that the weight fraction of the 
potential concept is independent of maximum structural temperature over a wide range of 
temperatures (about 367° K to 589° K (200 to 600 F)). 
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Figure 22.- Effect of structural temperature (potential). 


Effects of Variation in Structural Concept 

The last variation considered is the highly important one of structural concept. Considering 
the wing-body configuration first, figure 23(a) shows the weight fractions for four different 
structural concepts or designs. The first is the advanced concept already discussed. The second 
concept differs from the first in that insulation and cover panels are added to limit maximum 

M c = 7 , range = 10.2 Mm (5500 n.mi.) 
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(a) Wing-body configuration. 

Figure 23.- Effect of structural concept. 
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structural temperature to 367° K (200° F), thus permitting the use of an aluminum alloy, rather 
than a nickel alloy, structure. The results show that the decrease in structure weight (about 
50 percent) more than compensates for the increase in TPS weight, and a significant reduction in 
total weight fraction is achieved. The third concept differs from the second in that 
pressure-stabilized, integral tankage is used. Even though pressure stabilization reduces structural 
weight slightly, this reduction is offset by the addition of bulkheads and other secondary structure 
required with integral tankage, and the structure weight fraction increases. A major improvement 
however, accrues from the elimination of the tank, enough so, in fact, that the total weight fraction 
of this concept is markedly lower than the previous one. In the fourth concept the aluminum 
structure is replaced with a titanium truss-core sandwich structure and sufficient thermal protection 
to limit maximum temperatures to 478° K (400° F). This change provides practically no 
improvement in the weight fraction. It is concluded from this figure that cold structure, integral 
tank designs are potentially lighter in weight than hot structure, nonintegral tank designs. For these 
lighter weight designs, the wing, TPS, and structure weights contribute approximately equally to the 
total weight. It must be remembered, however, that design complexity and development 
uncertainty tend to increase from left to right in figure 23(a). 


Figure 23(b) presents the results of a similar analysis of the all-body configuration for the 
same four structural concepts. For this configuration it was found that the hot structure with 
nonintegral tank concept has a structure weight fraction of 0.71 and a total weight fraction of 0.86. 
This prohibitively high weight is due to pressure bending of the elliptical frames, which cannot be 
relieved by tension ties when a nonintegral tank is used. Even if the structure is aluminum alloy at 
367° K (200° F) (the second concept on fig. 23(b)) the weight fraction is still a prohibitively high 
0.61. It is clear that unsupported elliptical shells having ellipse ratios a/b approximating 4, when 
subjected to pressures even as small as 13,800 N/m 2 (2 psi), are impractical for hypersonic aircraft 
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Figure 23.— Concluded. 
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body structures. If pressure-stabilized, integral tankage structure with internal tension ties is used, 
the third concept in figure 23(b), a reasonable weight fraction results. The fourth concept, the 
potential concept discussed earlier, is significantly lighter than the third one. 

Comparing figures 23(a) and (b) to assess the relative weights of the wing-body and the 
all-body configurations shows that for all structural concepts both the structure and TPS weight 
fractions are less for the wing-body than for the all-body. This is due primarily to the noncircular 
cross section of the all-body and its relatively high surface area. For the lighter weight designs, 
however, the advantage of the wing-body structure is offset by the wing weight, and both 
configurations have approximately the same weight fraction. The potential concept clearly is the 
lighter of the two concepts because it uses cold, integral tank structure — not because of its all-body 
configuration. 


CONCLUDING REMARKS 


The weight fractions of major structural components of hypersonic aircraft have been 
estimated for two nominal vehicle concepts. The advanced concept was found to have a structural 
weight fraction (consisting of body structure, body thermal protection system, tankage, and wing 
structure) of about 0.35. The potential concept had an equivalent weight fraction of about 0.24 
with approximately half the weight in body structure and half in thermal protection system. The 
body structures of each concept were predominantly buckling critical with small portions limited 
by a minimum gage restriction. 

For the advanced concept, fineness ratio was the shape parameter with the most influence on 
the weight fraction, while fatness ratio was the most influential for the all-body. As gross takeoff 
weight increases the structural weight fraction increases and the thermal protection weight fraction 
decreases. As a result, the total weight fraction increases slightly as gross takeoff weight increases in 
the case of the advanced concept, and decreases for the potential concept. At very low gross takeoff 
weights the weight fractions of both concepts become large. More dense vehicles were found to have 
lower weight fractions. 

In the area of design criteria, it was found that weight fraction varied linearly with design 
maneuver load factor but was not affected by changes in design landing weight. Increasing the ciuise 
Mach number for a constant range mission was found to increase the weight fraction of the 
advanced concept, while for the potential, the weight fraction did not vary significantly with Mach 
number. This conclusion appears to apply to any hypersonic aircraft with integral tankage for a 
fixed range mission. Although the potential concept was found to be more sensitive to minimum 
gage constraints than the advanced, this result was not significant for either concept. For 
pressure-stabilized, integral-tankage designs, the weight fraction appears to be relatively insensitive 
to design gage pressure, and to maximum structural temperature over a wide range of temperatures 
as well. 

It was also determined that in general, cold structure designs are lighter than hot, and that 
pressure-stabilized, integral-tank structures are lighter than nonintegral. The lighter weight 
structures however, are also those involving the greatest design uncertainties. For the lightest weight 
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designs, concepts using wing-body configurations had about the same total weight fractions as those 
using all-body configurations. Vehicle designs involving hot, nonintegral structures and all-body 
configurations were found to be prohibitively heavy. 


National Aeronautics and Space Administration 
Moffett Field, Calif. 94035, October 5, 1971 
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APPENDIX A 


VEHICLE GEOMETRIES 


Considering the wing-body configuration first, the wing-loading gross density, and fineness 
ratio are defined as 


w/s = W T0 /Sp 

(AD 

PB = W TO^ V B 

(A2) 

Rfin = */D 

(A3) 


where S p is the wing plan area (see fig. 24). The body exterior contour is described by a power law 
as shown in the figure. A simple integration gives the body volume as 

fA41 

V B = 7rD 2 £/4(2p + 1) 


z 



Figure 24.- Vehicle geometries. 

Solution of equations (A2), (A3), and (A4) for the length £ results in 

£ = [4(2p + l)Rfj n 2 W-yQ/7rpg] 1 (A5) 

Thus, if the wing shape parameters A and W/S, the body shape parameters p and R fin , and the body 
size parameters pg and W^q are all specified, the wing-body configuration is geometrically defined. 
A wing with leading edge sweep A of 1 .22 rad (70°) was used throughout the study. Since the cross 
section of this configuration is circular, the cross section properties are well known. 
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For the all-body, the geometry is somewhat more complex because the lifting surface may not 
be sized independently of the body. The wing loading, gross density, fatness ratio, and breakpoint 
ratio are defined as 


w/s = W T0 /S p 

(A6) 

p B = W T0 /Vg 

(A7) 

R fat = V S p 

(A8) 

r br = V e 

(A9) 

where S p is the body plan area and is the cross-sectional area at the breakpoint (S^ is also the 

maximum cross-sectional area if 0.5 < Rg R < 1.0). With the aid of figure 24, the body plan area, 
breakpoint cross-sectional area, and volume are computed to be 

S p = £ 2 /tan A 

(A10) 

/tan A tan j3 

(All) 

Vb = ^ 2^(2 + C 7r )/6 tan A tan j3 

(A 12) 


Inspection of equations (A6) through (A12) shows that the all-body geometry will be defined if the 
shape parameters A, Rf at , and Rg R and the size parameters pg and W^q are specified. Expressing 
the length in terms of these parameters gives 


£ - [6RggWjQ tan A /(I + RBR^fat^B^ 1 ^ (A 13) 

so that the length of the all-body scales with (WjQ/pg) 1 ^ for constant shape. The wing loading of 
this configuration in terms of the configuration parameters is 


W 

s 


W TO (l + RBR> 2 Rfat 2 PB 2 *an A 
36R BR 2 


(A 14) 


This relation is plotted for the nominal shape in figure 25. The ellipse ratio a/b of the forebody is 
given by 


a/b = 7rRg R 2 cot A/Rf at (A1 5) 

The section properties of elliptical shells will be needed for the weight analysis. The 
cross-sectional area and perimeter are given by 


A = 7rab (A16) 

P - 4aE n 


(A 17) 
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Figure 25.— Wing loading (all-body configuration). 


The moment of inertia about the y axis divided by the shell thickness is found from 



(A 18) 


where Ej and Ejj are the complete elliptic integrals of the first and second kind, respectively, 
and where 


e =v /l ~(b7a) 2 (A 19) 

is the eccentricity. The following approximate expressions for P and Iy were found to give good 
agreement with equations (A17) and (A18) for the values of e of interest: 

P = 2jra V' - (e 2 /2) (A20) 

Iy = (?r/4)ab 2 [3 + (b/a)] (A21) 
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For concepts employing pillow tankage, the structure is not in the shape of the vehicle 
configuration but consists of intersecting cones fitted within the elliptical cross section of the 
all-body as shown in figure 26. The number of circular sections or lobes is taken to be the nearest 
odd integer to 


Nj - 2(a/b) + 1 


(A22) 



Figure 26.— Pillow tank geometry. 

This relation was determined empirically and gives minimum or near minimum weight for the 
configuration variations considered in this study. Referring to figure 26, the equations defining the 
ith lobe in terms of the i - 1th are 


e 2 rT = e 2 b 2 — dj 2 

(A23) 

rj sin 6 j = q sin 9 

(A24) 

q cos 9 + r j cos 9 ^ 

(A25) 


where equation (A23) is the condition of tangency of the circle and the ellipse. These equations are 
solved sequentially at each body station x beginning with the center lobe. The free parameter 6 is 
available for weight and volume optimization as discussed in appendix B. The perimeter, 
cross-sectional area, and Iy of the circular lobes at any section are given by 


Nj— 1 


p = 2 
r s ^ 


7rb — 2bd 


■ (27T1- - 2r i d i - 2r + 27rr N ^ - 2r N ^0 N ^ 


1=2 


(A26) 
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[ Nf - 

A = 2v-j 2 -Ib 2 (2 6 sin 26)+ ^|ot; 2 - ( r; 2 (26 ; - sin 26;)- j r; 2 (20 - sin 26) 


+ 7rr 


Nj 


J r Nf ( 2<9 Nf " sin 26 I Nj)| 


(A27) 


r = 4 

y 


b 3 


( c 


Nj — 1 


yCos 0 sin 0 — 0 + 2 


i>Ei 


(cos 0 sin 0 + cos 0 i sin 0 i + 7r - 0 - 0p 


1=2 


r N' 


+ ~Y^(cos0 N ' sin 0 N » +7T-0 n ) 


(A28) 


where N-y = (N T + l)/2. The perimeter of the vertical walls connecting the lobes is given by 

Nf-1 


P\y ~ 4 sin 0 



(A29) 


n=i 

A typical pillow tankage installation is shown in figure 26. In view of equation (A22), the 
forebody will have a fixed number of lobes while the number ot lobes in the afterbody will inciease 
toward the rear of the vehicle. This increase results in an afterbody structure that is an impractical 
design for an actual vehicle but is convenient for use in a mathematical model. 
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APPENDIX B 


WEIGHT ANALYSIS 


In this appendix, weight estimating methods are developed for the weight items considered in 
this study. Of primary concern is the structural analysis of the load carrying body structure. It is 
convenient to discuss the nonintegral and integral tankage cases separately. Weight estimation 
relationships of the other items (tank, thermal protection, and wing) are discussed briefly. 

Body Structural Weight for Nonintegral Tankage Concepts 

For all-body, nonintegral tankage concepts it has been found that pressure-induced bending 
loads of the elliptical shape tend to dominate longitudinal bending loads at the design pressure 
(13,800 N/m 2 (2 psi)) of nonintegral tankage structure. Since these pressure loads are best resisted 
by frames, only frame-supported, stiffened-shell structures will be considered for this concept. 
However, both frame-supported, stiffened-shell structures and sandwich-shell structures are 
applicable to wing-body, nonintegral tankage concepts. A separate tank weight is computed for 
nonintegral concepts. 

Considering first the shell, the compressive and tension stress resultants in the axial direction x 
at a station x are 

N x " = Mb/Iy 

N x + = (Mb/Iy) + (AP g /P) 

respectively. The stress resultant in the hoop direction is 

N y - bP g Kp (B3) 

where Kp is needed to account for the fact that not all of the shell material (e.g., core material in 
sandwhich concepts) is available for resisting hoop stress. For the advanced and potential concepts, 
Kp is 2.48 and 3.41, respectively. Expressions for the geometrical quantities 1^, A, and P may be 
found in appendix A. The quantity b is replaced by r for wing-body concepts. As may be seen from 
equation (Bl), the shell is not pressure stabilized. The equivalent isotropic thicknesses of the shell 
are given by 

\ = N x' / p cy (B4) 

t Sx = (l/F tu )max(N x f , N y ) (B5) 

T S G ~ ^mg^mg (B6) 


(Bl) 

(B2) 
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for designs limited by compression, tension, and minimum gage, respectively. In equation (B6), t m g 
is a specified minimum material thickness and K m g is a parameter relating tg^. to t m g which 
depends on the shell geometry. For the advanced and potential concepts, K mg is 2.48 and 3.41, 
respectively; t mg is held at 0.0254 cm (0.01 in.) for both concepts. A fourth thickness that must be 
considered is that for buckling limited designs t s ^ is discussed in appendix C. 

The elliptical frames of the all-body may be sized either by buckling, as described in 
appendix C, or by pressure bending. An expression for the “smeared” equivalent thickness, tp^, 

required to preclude pressure bending will now be derived. Using the methods and nomenclature of 
reference 32 (sec. 81), the redundant bending moment at the ends of the semimajor axis (point of 
maximum bending stress) of an elliptical frame, due to an internal pressure, Pg, is 


M a 



+ P g a 2 d 


Pgd 

8a E 


II 


f 


y 2 + b 2 + a : 




b 2 y 2 

a 2 (a 2 - x 2 ) 


dx + Pga 2 d 


P g da 2 

6 


+ 1 + 




(B7) 


The frame shape parameters are defined as 


Kpi - Ip/Ap 2 (B8) 

k F2 = v / Af% (B9) 

where Ip, Ap, dp are the moment of inertia, cross-sectional area, and semidepth of the frame cross 
section. The values of K pl and Kp 2 were held at 5.24 and 0.33, respectively, throughout the study. 
Using equations (B8) and (B9), the flexure formula gives 

Ap = (M a /K F1 Kp2F tu ) 2/3 (B10) 

Substitution of equation (B7) in (B10) and “smearing” the frames according to Ap - tp^d gives 


jP g a 2 [e 2 + 1 + (e 2 Ej/Ejj) - (Ej/Ejj)] 
F P | 6K F1 K F2 F tu Vd 


(Bll) 
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If relations (A17), (A18), (A20), and (A21) are used, this expression is closely approximated by 


tc_ - \ 


P g a 2 e 2 [3 + (b/a) ] 


1 6K p j K F2 F tu> /d > /l -(e 2 /2) 


2/3 


(B12) 


which is the expression used in the analysis. For the circular cross section of the wing-body, tp = 0 

P 

as required. If the shell is buckling critical and the frames are pressure bending critical, the total 
equivalent thickness is 


t ~ tc "t" tp 
b B h P 


(B13) 


where to is given by equation (C2) and tp by equation (B12). If equation (B13) is minimized 
°B 1 P 

with respect to d there results 


9a 3 MP 2 e 4 [3 + (b/a)] 


,i/s 


t = 


3 1 6 2 7rKp j 2 K F2 2 bEeF tu 2 [ 1 - (e 2 /2)] 


(B14) 


( B = 5 
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F P 



d=i 


7r 3 a 1 1 b 3 e 8 [3 + (b/a)] 2 P g 4 E 3 e 3 
4 3 16 4 K F1 4 K F2 4 [1 - (e 2 /2)] 2 M 3 


1/5 


(B15) 


Hence the frame weight is 1 — 1/2 times the shell weight. 

At each fuselage station x of the all-body configuration, the shell may be sized by 
compression, tension, minimum gage, or buckling, and the frames may be sized by general 
instability or pressure bending. The problem is then to find the least total thickness t = tg + tp as a 
function of d which satisfies the eight conditions resulting from the possible combinations of shell 
and frame criteria. (This may be viewed as a problem in nonlinear mathematical programming.) Six 
of these conditions are monotonically decreasing with respect to d while the two involving shell 
buckling have minimums as given by equations (B14) and (Cl 3). The minimum total thickness t is 
obtained by a sequential search procedure. For wing body configurations employing stiffened shell 
concepts the procedure for determining t is similar except that there is no pressure bending of the 
frames and hence only four conditions need be considered. For wing-body sandwich shell concepts, 
the search procedure for t becomes simply 


t-t s = max(t Sc ,t ST , t SG ,ts B ) 


(B16) 
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where t§ is given by equation (Cl 1). The gage thickness is then computed from t g - tg/K mg . The 
ideal body structural weight of all-body vehicles is obtained by summation as 


W, = 2w V tja; yi - (e ; 2 /2) Ax ; (B17) 

body 

length 

where quantities subscripted i depend on x. For the circular cross section wing-body this reduces to 

Wj = 2i jp ^ ^ ti r iA x i (B 17) 

body 

length 

Thus Wj is the theoretical weight required to preclude failure of the body structure by yielding and 
buckling, subject to a minimum gage constraint. 


The preceding analysis may be used to estimate the relative weights of elliptic and circular 
shells in bending. Consider an elliptical and a circular shell each of equal length and equal enclosed 
cross-sectional area. Let the structure of both shells be a frame-stabilized, integrally stiffened shell 
of the same material which is buckling critical, and suppose each shell to be loaded by the same 
bending moment (no pressure loading). Then, for the elliptical shell, equations (B17) and (Cl 3) give 

1 / 4 ' 

I b j 

3 +-(0.3719ab + 0.6281a 2 ) > 

a 


' ' \ 

Setting r = a = b in this expression gives 

Wt = (27rpr Ax) 
circle 

Using equation (Bl) and setting r = ,/ab the weight ratio is then 
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27rpa 
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3 + (b/a)_ 


3 / 2 
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3719 + 0.6281 



(Bl 8) 


This ratio, which is a function only of a/b, is plotted on figure 27. It is seen to be nearly linear; the 
elliptical shell being about twice as heavy as the circular one at a/b = 4. However, as mentioned 
earlier, pressure bending of the frames at the 1 3,800 N/m 2 (2 psi) design pressure dominates the frame 
sizing of the all-body in fuselage structure applications. If the shells are constructed of truss-core 
sandwich, equations (B17), (Bl), and (Cl) result in the ratio 


Wj 

w~ 


ellipse 

circle 



4 

[3 + (b/a)J (a/b) 3 / 2 


(B19) 
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This ratio is also plotted in figure 27 and also varies nearly linearly with a/b but with a steeper 
slope. Since all-body configurations typically have a/b = 4 or greater it may be concluded, regardless 
of the structural concept used, that nonintegral all-body concepts are clearly prohibitively heavy as 
compared with wing-body concepts. 



a/b 


Figure 27.- Comparison of weights of unpressurized elliptic and circular shells. 


The transverse bending moments associated with the large span of the rear portion of the 
all-body configuration require additional structure for this configuration. The weight of such 
structure was estimated by computing the weight of a spanwise beam capable of transmitting the 
horizontal tail loads into the body structure. The result obtained is 


w SB = 6 P L x a M 2 /d T F cy (B20) 

where Ly is the vertical tail normal force at the design load factor, d-p is the beam depth (taken to 
be the body depth at the location of the tail), and a^ is the beam span (taken to be the body span 
at the location of the tail). 


Body Structural Weight for Integral Tankage Concepts 

Integral tankage concepts differ from nonintegral concepts in the manner in which they carry 
pressure loads and in the fact that the load-carrying body structure also serves as a fuel tank. For 
all-body configurations, a special structural concept called pillow tankage is considered. 

Considering first elliptical shells, the stress resultants are the same as those derived in the 
preceding section, except that pressure stabilization is utilized, that is, becomes 

N x = (Mb/Iy) - (AP g /P) (B21 ) 
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The shell thicknesses, t 


S C’ 


ts T’ ts G’ 



are determined as before. For concepts employing the 


all-body configuration, internal tension ties are used to relieve the pressure bending stresses on the 
frames. Thus, frames are sized only by general instability for integral tankage. If the tension ties are 
sized by the hoop stress loads at the ends of the semimajor axis and “smeared,” their equivalent 
isotropic thickness is given by 


*T - AP g/ PF tu 


(B22) 


The total thickness of the integral tankage concepts is then in the most general case 


t — tg + tp + tp (B23) 

where tp = 0 for sandwich shell structural concepts and tp = 0 for wing body concepts. The 
quantities tg and tp are obtained by a one parameter search that minimizes their sum in the same 
manner as was done for nonintegral tankage concepts. The ideal body structural weight is obtained 
from equation (B17). As before, for all-body configurations Wgg given by equation (B20) must be 
added to Wp Also added to Wj for all integral tankage concepts is a tank weight which will be 
discussed later. These items are added before the nonoptimum factor is applied. 

Because of the poor structural efficiency of pressure loaded elliptical shells, a special concept 
called pillow tankage is potentially attractive for all-body integral tankage concepts. This concept 
consists of a shell composed of intersecting cones fitted within the elliptical body. The geometry of 
pillow tankage is discussed in appendix A. The stress resultants on the circular lobes at the point of 
peak bending stress (ends of semiminor axis) are 


Ng " = (Mb/Iy) - APg/(Pg + P w ) (B24) 

N s + = (Mb/I ' ) + AP g /(P s + P w ) (B25) 

X 

N Sy = bP g K p (B26) 

The maximum stress resultants on the vertical walls are 

N w x = PgA/(P S + P W ) ( B27 > 

= Pg( b cos 6 + r 2 cos 0 2 ) (B28) 

The equivalent isotropic thicknesses of the shell are given by 

‘S C = N S x '/F C y < B29 ) 

i S T = (1 / F tu) max ( N S x + > N S Y ) (B30) 
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(B31) 


t S G K mg t mg 

for designs limited by compression, tension, and minimum gage, respectively, and for the walls 

% T -a/ F tu) max ( N w x ’ N w z ) ( B32 > 



K t 

mg mg 


(B33) 


for designs limited by tension and minimum gage. The shell thickness, tg, is determined as the least 
thickness which precludes failure by tension, compression, and buckling without violating minimum 
gage restrictions. The shell concept may be either frame-stabilized, integrally stiffened shell or 
sandwich shell. Buckling equations for these concepts are found in appendix C. The ideal structural 
weight of pillow tankage concepts is obtained by the summation 


Wt 



p S J l \% + P W j t W i ) Ax i 
body 
length 


(B34) 


where quantities subscripted i depend on x and where 


t\y _ max (% T 5t W(J 


(B35) 


The parameter d (fig. 26) is available for vehicle performance optimization. The function 
Wj(d) monotonically decreases within the range 0 < Q < tt/2, and d therefore should be as large as 
possible to minimize Wj. (Although it is possible for eq. (A22) to restrict the range of 6, this 
limitation was not encountered in this study.) However, as 6 approaches n/2 the tank volume 
decreases (recall that the number of lobes, Nj, is fixed by eq. (A22)) and thus the volumetric 
efficiency 77 , defined as the ratio of tank volume to body configuration volume, must be considered 
as well as Wj. For the designs considered in this study, 77 ( 0 ) is a concave downward function having 
a local maximum for some value of d on 0 <0 <7r/2. The payload performance of a hypersonic 
cruise vehicle, <T, will be a function of both Wj and 77 , that is, <f> = <T(Wj , 77 ); hence the rate of 
change of payload with respect to 6 is 


d<F_/ dW I / d f l>\ cb? 

de Wt/ d0 + Ww, 

77 1 

The necessary condition for maximum gives to a first-order approximation 


(B36) 
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where (34>/3Wj)^ and (3<f>/3i7)^y are the sensitivities of payload to Wj at constant 77 and to 17 at 

constant Wt, respectively, and where Wt and 77 0 are nominal values. Values of the partial 

0 

derivatives are determined from a sensitivity study performed with a mission analysis program. 
Equation (B37) is solved for the optimum values Wj and V Q pt using Newton’s method with d 
as the independent parameter. For the nominal potential concept vehicle, the above procedure 
gave d = 0.94 rad (54°). 


Nonoptimum Body Structure Weight 


Since the above analysis gives only the ideal weight, Wj, the “nonoptimum” weight (fasteners, 
cutouts, surface attachments, uniform gage penalties, manufacturing constraints, etc.) has yet to be 
determined. The method used here is explained with the aid of figure 28 which is a log-log plot of 
body weight as a function of a weight estimation parameter, which accounts for the effects of 
gross weight, body dimensions and design load factor. The circles on the figure indicate body 
weights of existing aircraft; the lower line represents the equation developed in reference 3 to 
estimate body weight of wing body hypersonic aircraft. 



Iq 3 L I l I I I 1 I I I 1 1 l 1 1 1 1 1 | 

I0 5 2 4 6 8 I0 6 2 4 6 8 I0 7 

X~(W T0 Lf)- 3 Q- 1775 i - 9 (4 r )l.05 

Figure 28.- Correlation and comparison of method of analysis. 

The analysis developed in the present study was applied to the same existing aircraft and the 
resulting ideal weights are shown by the triangles. A two parameter regression analysis based on 
ideal weight, Wj, and body surface area, Ag, was then employed to obtain the best fit with the 
advanced technology hypersonic aircraft line. The resulting body weights are shown by the squares, 
and the total weight of the body structure is 

W BS = 1 .64Wj + 3.8 (0.08 )A b (B38) 

Equation (B38) was used for all vehicle concepts considered in this report. The correlation with 
existing aircraft is quite good (fig. 28) except for the aircraft at the extreme values of the weight 
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parameter. This conclusion is established by the fact that the scatter of the squares about the lower 
curve is in the same pattern as the scatter of the actual weights about the upper curve, which is a 
curve fit of these weights. 


Tank, Thermal Protection, and Wing Weights 

To a first approximation the weight of a circular fuel tank constructed of a given material and 
designed to a given pressure will scale linearly with tank volume. Thus for nonintegral tank 
concepts, the tank weight is estimated by 


W TK = 6 13 (0-383)V b (B39) 

where the constant of proportionality has been determined by using the weight of the tank 
described in reference 26 as a reference point, assuming, a nickel alloy tank designed for 
105,500 N/m 2 (15.3 psig). 

For integral tank concepts weight must be added to the ideal body structural weight, 
equation (B17), to account for bulkhead and other items necessary for containment of fuel. Since 
both the material and pressure will vary from design to design, the following equation is used 

pPgV B 

W tk = 4720 — | — (B40) 

b tu 

for these concepts, provided Pg is greater than atmospheric pressure. The functional dependence in 
this equation comes from a membrane analysis of a spherical tank. The numerical constant has been 
determined by using the bulkheads of the tank described in reference 26 as a reference point. 

The weight of the body thermal protection system is estimated from 

W TPS = A B (U CP + U const + K TPS U in S ) (B4 1 ) 

In this equation Uqp is the unit mass (weight) of the cover panels, estimated to be 4.33 kg/m 2 
(0.886 lb/ft 2 ) for the super alloys (temperature limit 1255° K (1800° F)) listed in reference 3, 
U CO nst the mass (weight) of stand-offs and other items and is taken to be 1.16 kg/m 2 
(0.238 lb/ft 2 ) from reference 26, and lOppg is a nonoptimum factor taken as 1.286 for this study. 
The unit weight of the insulation plus boiloff, Uj ns is computed from the transient analysis 
described in reference 27. The insulation system used in this calculation is helium -purged, 
quartz-fiber with a density of 56 kg/m 3 (3.5 lb/ft 3 ), pressurized at 300 mm of Hg. For Ore purposes 
of this calculation, Tj ower from figure 18 was identified with T we { in reference 27 and T U pp er with 
Tdry- It was assumed that the dry tank solution applied over half the vehicle body and the wet tank 
solution applied over the other half. 

The wing weight of wing-body concepts is estimated by an empirical formula given in 
reference 3. In terms of the wing parameters, this formula is 
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0.02 (W/S)tan A 


0 .5 3 7 5 


(B42) 


where n is the load factor and is a materials coefficient (0.0352 for the advanced concept) 

which increases with temperature. A wing thickness ratio of 0.04 was used in this study. 
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APPENDIX C 


BUCKLING EQUATIONS 


In this appendix expressions are derived for the equivalent isotropic thickness of the shell 
required to preclude buckling tg^ and for the “smeared” equivalent isotropic thickness of the ring 

frames required to preclude general instability tp. The expressions are derived for the elliptical shell 
of the all-body configuration; these expressions are then used to obtain the equations for cylindrical 
shells as a special case. 


For the sandwich shell concept, it is assumed that the elliptical shell buckles at the load 
determined by the maximum compressive stress resultant N x “, on the ellipse. Reference 33 indicates 
that a good approximation is obtained by assuming the structure to be a circular cylinder with the 
same radius of curvature as that of the ellipse at the point of application of N x “. Since the 
maximum load occurs at the ends of the minor axis where the radius of curvature is a 2 /b, the 
buckling equation is 


(a 2 /b)E 


‘B 


(a 2 /b) 


or, solving for tg 



(a 2 /b) 


N x ' 


-p/m 


(a 2 /b)Ee 


(Cl) 


This equation is based on small deflection theory, which seems reasonable for sandwich cylindrical 
shells, although it is known to be inaccurate for monocoque cylinders. Values of m and e may be 
found in reference 16 for both monocoque and truss-core sandwich. For the nominal potential 
concept, m is 1.667 and e is 0.3615. For the wing-body, this expression becomes 


t 


*B 



(Cl') 


The quantities N x , a, b, r, and consequently tg , will vary with body station dimension x. As 
mentioned earlier, frames are not used with sandwich concepts. 


For the stiffened shell concept, the common procedure of assuming the shell to be a wide 
column is adopted. The buckling equation is then (ref. 16) 


or, solving for tg 


B 




(C2) 
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which is applicable both for the all-body and the wing-body. For the nominal advanced concept, e is 
0.91 1 . This concept requires frames to prevent general instability failures. 

In order to generalize the Shanley criterion for frame sizing to elliptical shells, the stiffness of 
elliptical rings to inplane loads must be determined. If the methods and nomenclature of 
reference 32 (sec. 81) are used, the redundant bending moment at the ends of the semimajor axis of 
an elliptical ring due to opposing inplane point loads of magnitude L acting perpendicular to the 

ring at the ends of the semiminor axis is 

/» s , 

J M ds T 

u _ . *-> 



where the dimensional quantities are defined in figure 24 and 


(C3) 


E III 


log e [ (a/b)( 1 + e)] 
(a/b) 2 e 


(C4) 


The bending-moment distribution in the ring, therefore, is given by 





(C5) 


To determine the deflection of the ring at the point of application of the load, the method of 
virtual work is used: 


8 



M(M/L) 

EIp 


ds 




b 2 y 2 

a 2 (a 2 - y 2 ) 


dy 


La 3 / 2E II ~ E I + E I ~ E II __ E III 2 \ 
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(C6) 


37 



Since L = K§5, the spring constant of the ring is 


Ks= /2 e ii- e i e i- e ii E in\ (CT 

g a 3 I + - — — — I 

\ 6 6e 2 8 Ejj J 

the factor (K 3 /8)[(7r/8) - (l/7r)] being added to conform to reference 14. 

It is of interest to compare the stiffness_of an elliptical ring to that of a circular ring. For equal 
values of EIp and equal enclosed areas (r = i v /ab), the ratio of spring constants is 


^S^ellipse 

^S^circle 



3 3e 2 4E n 


(C8) 


This ratio is plotted as a function of a/b in figure 29, and the relatively low spring constant of the 
elliptical ring at the values of a/b of interest indicates that the weight of the rings in elliptical shells 
will be greater than those of circular shells for the same conditions. 


(SPRING CONSTANT 
ELLIPSE) /(SPRING 
CONSTANT CIRCLE) 



Figure 29.— Comparison of spring constants of elliptic and circular frames. 


The equation for frame (ring) weight is next established. Generalizing the results of 
reference 14 to elliptical frames gives the following expression for the spring constant required of 
the frames 


Kj K 2 aE n N x " 

K s = d 


(C9) 
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If the frames are “smeared” according to Ap = tp^d, then combination of equations (C7) and (C9) 
gives 


t 


B 




(CIO) 


where Kpj is defined by equation (B8), and where the constants Kj , K 2 , K 3 have been absorbed by 
“Shanley’s constant,” Cp, taken to be 0.625 X10" 4 in this study. Calculations show that the 
expression 

t F - yj 7rCpN x "/ Kp i d 3 E ^3 + (b/a)(0.3719ab + 0.6281a 2 ) (Cl 1) 

B 

very closely approximates equation (CIO) for the range of a/b of interest and equation (Cl 1) is used 
in the weight analysis. 

Since the frame spacing, d, is as yet unspecified, it may be chosen to minimize the shell plus 
frame weight. If the structure is buckling critical, the total equivalent thickness is 


t “ to + tp 


(Cl 2) 


where to and tp are given by equations (C2) and (Cl 1). When t is minimized with respect to d, 
^B B 
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l 18 /n ■ \ 1/2 r 
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[3 + -Vo.3719ab + 0.6281a 2 ) 
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} (C13) 


where the optimum frame spacing is given by 


d = 


f 7rCpe 


K 


3 + - (0.3719ab + 0.6281a 2 ) 


FI 


1 / 2 


(Cl 4) 


Note that from equation (Cl 3) the shell weight is three times the frame weight for optimum 
design. Reduction of equations (Cl 3) and (Cl 4) to the case of a circular section gives the equations 
for the wing-body 
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It is of interest to note that equation (Cl 3) is in the form 

/structure \ 1 ^ /load-material\ / geometry 
t (coefficient ) \ coefficient / \ coefficient 

Hence, the parameters which describe the structure, and which are most likely the least well 
defined, enter into this equation in only the 1/8 power. 
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